The purpose of this study was to investigate the correlation between corrosion resistance and surface composition of an experimental Cr casting alloy in a saline solution containing fluoride. The alloy had a greater resistance to corrosion in a fluoride-containing saline solution than did commercially pure titanium. However, with confirmed dissolution of titanium and chromium, it meant that the fluoride in the saline solution corroded the alloy slightly.
INTRODUCTION
Titanium and its alloys have been used as dental materials for implants, crowns, bridges, denture bases, and orthodontic wires.
However, problems such as implant fracture and tarnish of the denture base have been on the rise due to their increased use in clinical applications.
One cause of these problems is related to the presence of fluoride1-3) in toothpaste, mouth-rinses, and prophylactic agents, which is used to help prevent dental caries.
Another cause is related to the presence of peroxides4) in denture base cleaning agents.
Consequently, there is a strong need for titanium alloys to have a higher resistance to corrosion caused by fluoride and peroxides.
In general, titanium and its alloys are covered with a passive film (surface oxide film) consisting of low-crystallite, thin, or amorphous structures; these films are correlated to corrosion resistance5-7). Some researches into the effects of fluoride on titanium corrosion in a simulated oral environment containing fluoride have been reported8-19).
It was found that corrosion resistance depends on fluoride concentration, pH, and amount of dissolved oxygen8, [10] [11] [12] [13] [14] [15] . However, a few researches reported that titanium alloys have a high resistance to corrosion caused by fluoride. Nakagawa et al. reported11 ) that titanium alloys added with a little platinum or palladium showed good corrosion resistance in a fluoridecontaining solution.
The high corrosion resistance of the alloy was caused by anodic polarization of titanium due to surface enrichment of palladium. (285.0eV) of hydrocarbon on the specimen. The composition and thickness of the surface oxide film were quantitatively calculated according to the references22,23). Empirical data22-25) and theoretically calculated data26) of the relative photoionization crosssections were used for the quantification.
The thickness of passive film was calculated from the effective escape depth of photoelectron and the intensity ratio of oxide to metal under the assumption that contaminant layer and passive film existed uniformly27). This method could calculate the thickness and composition of passive film simultaneously.
Statistical analyses
The corrosion parameters, Eopen, Rp, and I0.5, the concentrations of dissolved metals, and the pH were statistically analyzed using a t-test analysis at a significance level of 5%.
RESULTS

Electrochemical property
The potentiodynamic polarization profiles of TCR and the TI in SAL and NAF are shown in Fig. 2 . N=4, Average•}standard deviation spectra of TCRs in the Cr 2p region after immersion in SAL and NAF had a smaller Cr0 peak and a larger Cr3+ peak than that of AS. In the Ti 2p XPS spectrum, the spectrum decomposed into peaks originating at Ti0, Ti2+, Ti3+, and Ti4+ of Ti 2p3/2 and Ti 2p1/2, as shown in Fig. 4 (b)24,25 ). Note the intensity of the Ti0 peak: those of TCRs immersed in SAL and NAF were smaller than those of AS. Although all specimens showed mainly the Ti4+ state, the oxidation of TCR progressed during immersion in SAL and NAF. The O 1s XPS spectrum was decomposed into three peaks originating from metal oxide, O2-, hydroxide or hydroxyl groups, OH-, and hydrate and/or adsorbed water, H2O22). , and thickness (t) of the surface oxide film on the TCRs as determined by XPS analysis. Carbon and nitrogen were detected in addition to elements listed in the table, but these elements were removed from the composition calculation because they originated from a contaminant layer. On all TCRs, titanium and chromium originating from constructive elements of the alloy were detected in the surface oxide films. In addition, sodium was detected on the TCRs immersed in SAL and NAF, and fluorine was detected on the TCR immersed in NAF. The ratios of the AS and SALimmersed TCR were 0.82 and 0.80 respectively. The difference in ratios was not statistically significant. 
Corrosion resistance
The corrosion behavior of titanium and its alloys in simulated body fluids or artificial saliva solutions have been investigated by several researchers30-36). According to their results, titanium and its alloys had high corrosion resistance because of an oxide film that formed on the surface.
However, the surface oxide films suffered from fluoride attacks in solutions containing fluoride, markedly decreasing the corrosion resistance of the titanium alloys. For example, the current density at passive region of titanium or Ti-6Al-4V in a solution containing about 0.2% sodium fluoride (905ppm F) increased more than 20 times as compared with those in a solution without fluoride14-16).
In this study, a TCR in a saline solution had good corrosion resistance similar to that of titanium, but the corrosion resistance decreased when immersed in a saline solution containing fluoride. Nevertheless, in the fluoride-containing saline solution, TCR's current density at +0.5V was one-fifth lower than that of TI, indicating that TCR clearly had a higher corrosion resistance than TI. In addition, the TCR had a smaller amount of dissolved titanium and smaller pH change than TI. These results hence support the claim that TCR showed the least tarnish among titanium alloys in a saline solution containing fluoride20,21). However, titanium dissolved from the TCR and the pH of the solution containing fluoride increased during TCR immersion.
Consequently, the TCR was slightly corroded by fluoride attacks and embrittlement due to proton absorption. The abrupt increase in the current density close to +0.7V, which was related to the dissolution of chromium, might raise a doubt about the good corrosion resistance of TCR. However, the oral potential is generally between -0.3V and +0.3V37). Therefore, the chromium might not dissolve since such a high potential does not typically exist in an oral environment.
Surface oxide film The corrosion resistances of titanium and its alloys depend on the surface oxide films, which consist of low-crystallite or amorphous structures5-7).
It is believed that the surface films are dissolved and then reconstructed in various solutions. Ti-Cr amorphous alloy had a higher corrosion resistance in a high concentration of hydrochloric acid than did titanium38). This high corrosion resistance resulted from chromium and titanium oxides deposited on the amorphous alloy38).
The XPS analysis in this study showed that the oxidation of chromium and titanium on the TCR proceeded in the saline solutions with or without fluoride.
The thickness of the surface oxide films in the solutions did not depend on the presence of fluoride.
Therefore, the composition of the films played a more significant role in the resistance to corrosion caused by fluoride rather than their thickness. Table 2 . This decrease could be explained by the dehydration and oxidation of the hydroxyl groups.
However, the films still contained the hydroxyl groups and hydroxide.
Therefore, the surface oxide films on TCR will consist of oxides such as TiO, Ti2O3, TiO2, and Cr2O3 in the inner layer, and oxyhydroxides such as TiOx(OH) 4-2x (0<x<2) and CrOy(OH)3-2y (0<y< 3/2) in the outer layer, although a depth analysis will be required to clarify this.
Reaction model
The corrosion resistance of a titanium alloy to fluoride is related to the composition of the alloy. For example, Ti-Pd alloys proved to have a good corrosion resistance to fluoride11). The mechanism is summarized as follows. The enrichment by the platinum family on the alloy accelerates the catholic reaction, which is due to the drawing of electrons, and also anodically polarizes the titanium, resulting in rapid formation of the surface oxide film. In such a case, the corrosion resistance of Ti-Pd alloys could depend on the properties of the titanium oxide on the alloys.
In this study, the mechanism to suppress TCR corrosion was different from that of Ti-Pd alloys. We suggest that chromium oxides on the TCR are related to high corrosion resistance to fluoride. Titanium oxides on a TCR dissolved in a saline solution containing fluoride, while chromium oxides barely dissolved.
Consequently, chromium-rich oxide films formed on the TCR. The chromium-rich oxide then suppressed titanium dissolution and prevented fluoride attack.
However, the difference in the amount of dissolved titanium between TCR and TI is yet to be accounted for in terms of corrosion resistance. The difference might be related to the dissolution rate of titanium.
Therefore, further study is needed to determine the dissolution rate.
The corrosion resistance evaluated in this study was more severe than that would happen under actual conditions, because the adsorbed protein in an oral environment might be expected to suppress the corrosion caused by fluoride14- 16, 19) . It is expected that in an oral environment, TCR will have a much higher corrosion resistance to fluoride.
CONCLUSIONS
In this study, the corrosion resistance of an experimental Ti-20mass%
Cr casting alloy in a solution containing fluoride was examined in terms of its electrochemical corrosion behavior and surface characterization.
The results are summarized as follows. 1. The corrosion resistance of TCR in a saline solution was similar to that of TI. In a saline solution containing fluoride, the TCR had a higher corrosion resistance than TI. 2. The TCR indicated a breakdown potential at +0.7V (vs. SCE), that is, the TCR had a good corrosion resistance at up to +0.7V. 3. When TCR was immersed in a saline solution containing fluoride, a chromium-rich oxide film was formed. 4. In a saline solution containing fluoride, the dissolution of titanium from TCR occurred selectively. However, the total amount of dissolved titanium from TCR was much less than that from TI. 5. The TCR had high corrosion resistance in a saline solution containing fluoride due to the formation of a chromium-rich oxide film.
